Automated imaging has become a commonplace and widespread technique for researchers aiming to increase both biological and medical knowledge. Systematic high-throughput screening approaches produce a vast amount of data that needs to be quantified automatically. To address this problem, we present an extended version of the open-source MATLAB toolbox Gait-CAD providing integrated tools for automated image analysis, video object tracking and data mining. Gait-CAD offers a convenient graphical user interface (GUI) and is shipped with a great selection of predefined, customizable plugins for both image analysis and data mining. The plugin-based architecture and templates for customized tools provide easy expandability in order to develop comprehensive data-analysis pipelines. Process automation via batch-files and macro recording functionality enables the handling of large datasets like multi-dimensional 2D or 3D images and videos. The scope of the presented tools ranges from automated high-throughput toxicity testing in zebrafish embryos to cellular analysis tasks in developmental biology. In both examples, the toolbox is successfully applied for pre-processing, normalization, segmentation and tracking of spatio-temporal microscopy images, as well as for subsequent data mining and report generation. As automatically acquired images tend to differ in each recording, researchers can significantly accelerate parameter adjustments, process automation and result visualization by using the presented software. The toolbox is not limited to these applications, but they already reveal the great potential of the extended Gait-CAD release. The presented toolbox is a powerful instrument for data analysis in life sciences. A user-friendly GUI provides functionality to create sophisticated approaches even for users with limited programming knowledge. Licensed under the GNU General Public License (GNU-GPL), the toolkit is freely available and can be downloaded at http://sourceforge.net/projects/gait-cad/.
Introduction
Automated image analysis has become an indispensable component for contemporary research in life sciences. Current imaging devices produce a tremendous amount of data that can hardly be evaluated and analyzed manually. Nevertheless, numerous cases still exist in which data intensive processing steps such as image analysis and data mining are not sufficiently connected or automated. Although, several useful tools are already available for very specific image analysis tasks, e.g. [3, 13] , these tools are mostly restricted to 2D images, cannot handle time series, do not serve an integrated data mining solution or are too expensive for smaller institutions. Conversely, most tools for data mining, like e.g. [9] , lack of image analysis functionality [12] . Based on the open-source MATLAB toolbox Gait-CAD that was introduced in 2006 [10, 11] , we are addressing this gap by moving one step further towards delivering a comprehensive tool that combines image analysis tools, video object tracking and data mining approaches. Based on the powerful MATLAB framework (see http://www.mathworks.com), this toolbox offers a large variety of features and can be easily extended using the MATLAB programming language. Here we present an overview of the functionality of the new Gait-CAD extension. Section 2 briefly introduces the toolbox and the main focus is put on the extended functionality. Tasks such as automated image analysis, video object tracking and subsequent data mining are described. Two of the most recent use cases that cover the application of the Gait-CAD toolbox for the automated analysis of highthroughput microscopy images are presented in Section 3. Information about the availability of the presented software package and an outlook on future work is given in the last section of this paper.
Methods

The Gait-CAD Toolbox
Originally being developed for the analysis of human gait [14] , Gait-CAD now serves as a multi-purpose platform for the automated evaluation of a diversity of biological signals like electromyography (EMG), electroneurography (ENG) and electroencephalography (EEG), to name just a few [11] . Figure 1 shows an exemplary screenshot of the graphical user interface of Gait-CAD displaying the results of a common data mining task. 
Features of the Gait-CAD Extension
To be able to process multidimensional images and videos, i.e. 2D+t and 3D+t signals within the same framework, two new extension packages "Images and Videos" and "Tracking" were introduced. This section provides a coarse overview of the implemented solutions.
Implementation Details
The functionality of Gait-CAD is condensed into a convenient graphical user interface. Next to many custombuilt features, Gait-CAD offers an interface to access numerous features of commercial MATLAB toolboxes such as the Statistics Toolbox and the Image Processing Toolbox, facilitating the usage of existing methods even for inexperienced users. One way to automate data processing is the built-in plugin architecture of Gait-CAD. Data manipulators such as image filters benefit from the implementation as Gait-CAD plugins, enabling to form complex processing pipelines. The flexible design of the GUI is advantageous to extend the existing functionality of the Gait-CAD dialogs by customized sub-applications for specific tasks. To enable performance critical calculations, such as segmentation of 3D+t image data, external command-line executables can be interfaced as Gait-CAD plugins (see Section 3.2). Gait-CAD also makes use of the parallel processing capabilities of MATLAB, which can for instance significantly speedup appropriately implemented image filters using multiple MATLAB workers.
Data Handling
Gait-CAD offers many useful features such as project files, report generation, macro recording and batch execution to organize and analyze large amounts of data. Folders can be parsed recursively for valid image files. Inspired by output filename conventions of modern microscopes, the absolute paths of loaded image files are automatically split and analyzed by the toolbox. This is very useful for a class based data selection, e.g. output files that are placed in the same folder and follow a certain name convention can be excluded from further processing steps. To store and process large-scale experiments comprised of several gigabytes of data, images are internally represented by their file names.
In addition, we make use of external file systems such as the Large Scale Data Facility (LSDF) located at the Karlsruhe Institute of Technology [4] . Data stored on the LSDF can be successfully accessed by Gait-CAD similar to using a virtual hard disk drive.
Image Analysis
Most image analysis approaches include several subsequently applied filtering steps before meaningful features can be extracted. For instance, it might be necessary to perform modifications such as noise reduction, normalization or smoothing to the images in order to successfully apply segmentation algorithms. A variety of image processing operators that are partly based on image filters included in the Image Processing Toolbox are already available out-of-box. As described in Section 2.2.1, the operators are implemented as Gait-CAD plugins, which in turn enables the user to construct sophisticated image processing pipelines specifically tuned to the needs of the underlying image data. This includes operators of the types depicted in Figure 2 : Figure 2 Operator types of the Gait-CAD plugins.
Available operators are:
 Pre-processing filters, e.g. Gaussian filter, median filter and scaling filters,  Morphological operators, e.g. to fill holes in blob structures,  Normalization and contrast adjustment filters,  Basic segmentation algorithms,  Feature extraction filters, and  More advanced filter pipelines, e.g. feedback normalization and segmentation with automatically identified parameters [7] .
Extracted image features can be converted into internal data structures, which enable the further analysis by use of the included data mining methods (see Section 2.2.5). Gait-CAD allows processing a whole batch of images automatically using the powerful data selection dialogs and the macro recording functionality. Optionally, intermediate results and processing times are recorded, to identify and possibly get rid of problems or bottlenecks within the pipelines.
Video Object Tracking
The video object tracking functionality included in the extension identifies corresponding objects in subsequent time frames and assigns unique IDs to them. New project files are automatically generated by computing, importing and merging several comma separated value files (*.csv) that contain the data points for the individual time frames. Name templates based on regular expression matching can be used to selectively import e.g. only a specific color channel. Currently, object features like ID, spatial position, volume and bounding box can be imported for each time frame. Using this information to define a similarity measure, investigated objects are tracked using a nearest neighbor approach. An improvement of the tracking results is achieved by velocity estimation, size dependent object exclusion and the reconstruction of missing objects, if a suitable object is found two time steps later. To verify the results of the tracking procedure, it is possible to visualize tracking paths, e.g. on image data that was used to calculate the tracked objects and tracking statistics are shown.
Data Mining
A key component in thorough experimental analysis is the final data mining step, which basically tries to derive meaningful answers to biological questions based on the extracted features or time series. Gait-CAD offers many possibilities to carry out such tasks. Based on labeled training data that could for example be provided by expert knowledge, classifiers can be trained to automate categorization of investigated objects. Gait-CAD provides access to many common supervised and unsupervised learning approaches, such as clustering, decision trees, artificial neural networks and support vector machines. To perform statistical evaluation of the data, the toolbox provides several test procedures, (multivariate) analysis of variance and regression analysis. For a comprehensive overview of the data mining related methods incorporated into the Gait-CAD toolbox, see [11] .
Results
Gait-CAD has been successfully used for the evaluation of a variety of projects in the past [1, 5, 11] . Exemplarily, two of the most recent application examples are briefly presented in this section. As some of the presented results are still ongoing work, more detailed explanations will follow in upcoming publications.
High-Throughput Toxicity Testing in Zebrafish Embryos
High-throughput toxicity testing implies the investigation of several thousands of images. Each image contains specimen treated with different substances. In this project, biological properties such as coagulation, spontaneous movement and heartbeat frequency in time series of treated zebrafish embryos were evaluated using Gait-CAD [1, 2] . To this end intensity-based features of the segmented chorions are extracted from the images. The built-in Bayes classifier of Gait-CAD is used to identify treatment effects in the images. The algorithms are able to discard inappropriate images and to generate characteristic numbers out of the classification results. An important example is the 50%-Lethal Concentration. Statistics and result reports are presented and stored in a user-friendly and easily interpretable format. Figure 3 shows result plots of this project that have been generated using Gait-CAD.
Figure 3
Excerpt of the visual output generated for the high-throughput toxicity testing in zebrafish embryos.
Automated Analysis of Embryonic Cell Development using 3D+t Images
Another example was the automated analysis of live embryo microscopy images, acquired by techniques such as Single Plane Illumination Microscopy (SPIM). Experiments as described in [8] delivered insights into the embryonic development on the cellular level. For a SPIM dataset with a similar structure, we made use of the Gait-CAD toolbox for the automated analysis of 3D videos of developing zebrafish embryos. The toolbox was successfully used for image pre-processing, the interfacing of a custom built C++ executable, for tracking of segmented nuclei between subsequent time steps and for further data mining tasks. To be able to process huge 3D images (e.g., ~5-10Gb per image) in a reasonable amount of time, performance critical image analysis steps such as segmentation were performed using of the powerful algorithms built into the Insight Toolkit (ITK) [6] . The results of the C++ executable were automatically fed back into Gait-CAD, to perform tracking and subsequent data mining. The GUI allows selecting individual nuclei for further analysis of the tracking results and delivers additional information about tracked time frames and estimated nucleus velocity. Tracking information can e.g. be used for the generation of cell fate maps.
Conclusions
In this paper an extension to the open source MATLAB toolbox Gait-CAD is presented. The main purpose of the extension is to combine methods for image analysis, video object tracking and data mining into an easy-to-use solution that can be accessed by a convenient graphical user interface. Based on the MATLAB environment, this toolbox can be easily extended to personal needs. The toolbox is licensed under the GNU General Public License (GNU-GPL) and can be downloaded from http://sourceforge.net/projects/gait-cad/. Further effort in upcoming releases will presumably be put on adding more functionality to the toolbox as well as improving the multi-processor usage of implemented algorithms.
